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Metal ion removalAbstract A new cross-linked polyzwitterion (CPZ) was synthesized through cyclocopolymerization
of 3-[diallyl(carboxymethyl)ammonio]propane-1-sulfonate (92.5 mol%), and a cross-linker 1,1,4,4-
tetraallylpiperazine-1,4-diium chloride (7.5 mol%) in the presence of tert-butylhydroperoxide. The
cross-linked polyzwitterion/anion (CPZA) was obtained by the basiﬁcation of CPZ with NaOH.
The adsorption data ﬁt both Temkin and Freundlich isotherm models. The adsorption trend on
CPZA is as Cu2+ > Cd2+ and both followed pseudo-second-order kinetic model. The negative
DG and positive DH values ascertained the spontaneous and endothermic nature of the adsorption
process. The effectiveness of a zwitterionic–anionic motif consisting of quaternary nitrogen,
sulfonate and carboxylate groups has been tested for the ﬁrst time for capturing Cd2+ and Cu2+
ions at low concentrations.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Heavy metal ions existence in the environment poses formid-
able health problems to various living organisms due to their
inherent toxicity which can even lead to death (Srivastava
et al., 2011; Waseem et al., 2014). The contamination of waterby cadmium occurs majorly via metal plating, cadmium–nickel
batteries, mining, smelting and phosphate fertilizers among
others. The toxicity of cadmium in human body leads to
emphysema, hypertension, renal damage and testicular atro-
phy (Rao et al., 2006; Ouadjenia-Marouf et al., 2013) and also
enlisted by USEPA as an endocrine disruptor and priority con-
trol pollutant (Xin et al., 2007). However, copper pollution
emanates from brass manufacture, copper mining, electroplat-
ing industries, smelting, Cu-based agri-chemicals (Rao et al.,
2006; Ahmad et al., 2012), paint manufacturing and copper
polishing. The intake of copper can cause diseases such as
vomiting, diarrhea, nausea, liver and kidney damage (Pandey
et al., 2009).
The threshold level stipulated by WHO for cadmium in
drinking water is 0.003 mg/L (WHO, 2008) and that of copperte resin.
Scheme 1 Synthesis of monomer and cross-linked polymers.
Figure 1 TGA curve of CPZA 6.
Figure 2 IR spectra of (a) cross-linked CPZ 5, (b) CPZA 6, (c)
Cd2+ loaded CPZA 6, (d) Cu2+ loaded CPZA 6.
2 S.A. Haladu et al.is 0.2 mg/L (WHO, 2003). In view of the above, the treatment
of cadmium and copper contaminated water is of utmost
importance before discharge.
Several methods have been employed in the treatment of
metal contaminated water. Among them are Reverse osmosis,
precipitation, dialysis, extraction, adsorption and ion
exchange, of which adsorption has received a remarkable
attention likely by virtue of the existence of a variety of inex-
pensive green adsorbents (Hong et al., 2007; ShahtaheriPlease cite this article in press as: Haladu, S.A. et al., Adsorption of Cd2+ and Cu2+
Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arabjc.2015.04.028et al., 2007). Polyzwitterions bearing pH-responsive groups
have experienced increased attention academically and indus-
trially (Dobrynin et al., 2004; Kudaibergenov et al., 2006)
and found applications in water treatment, petroleum recov-
ery, coatings, drag reduction, cosmetics and viscosiﬁcation.
Recently, several zwitterionic hybrid materials have been used
effectively to remove toxic metal ions (Liu et al., 2010; Liang
et al., 2006).
In this study, the synthesis of a cross-linked polymer from a
monomer having dual functionalities of anionic and zwitteri-
onic groups has permitted us to test its efﬁciency for capturing
Cd2+ and Cu2+ from aqueous solutions at low concentra-
tions. This study, to our knowledge, would reveal for the ﬁrst
time the employment of a zwitterionic–anionic framework for
Cd2+ and Cu2+ ions removal.
2. Experimental
2.1. Physical methods
An Elemental Analyzer Series II (Perkin Elmer: Model 2400)
was used to carry out elemental analysis. IR spectra were
obtained using a Perkin Elmer 16F PC FTIR spectrometer.
1H and 13C spectra were measured in a JEOL LA 500 MHz
spectrometer with the residual proton resonance of the D2O
(at d 4.65 ppm) and dioxane carbon resonance (at d
67.4 ppm) as internal standards, respectively. An Atomic
absorption spectroscopy (AAS) model iCE 3000 series
(Thermo Scientiﬁc) was used to carry out the metal analysis.
A TESCAN LYRA 3 (Czech Republic) instrument having
an energy-dispersive X-ray spectroscopy (EDX) detectorions from aqueous solutions by a cross-linked polysulfonate–carboxylate resin.
Adsorption of Cd2+ and Cu2+ ions from aqueous solutions 3(model: X-Max, Oxford) was used to obtain the scanning elec-
tron microscopy (SEM) images. A thermal analyzer (STA 429,
Netzsch, Germany) was employed to carry out thermogravi-
metric analysis (TGA) using a temperature range
20–800 C (10 C/min) and air ﬂowing at a rate of 100 mL/min.
2.2. Materials
t-Butylhydroperoxide (TBHP) (70% in water), diallylamine
and 1,3-propanesultone from Fluka Chemie AG (Buchs,
Switzerland) were utilized.
2.3. Zwitterionic ester 1 and acid 2
The monomer (1) and the corresponding acid (2) were synthe-
sized as reported in Haladu and Ali, (2013).
2.4. 1,1,4,4-tetraallylpiperazine-1,4-diium chloride (4)
Monomer 4, a cross-linker, was prepared as described in Ali
et al., (1996).
2.5. Copolymerization of 2 and 4
The monomer 2 (13.9 g, 50 mmol) and cross-linker 4 (1.3 g,
4.05 mmol) were dissolved in deionized water followed by
the addition of TBHP (375 mg). The mixture in a closed ﬂaskFigure 3 The adsorption of Cd2+ (1.00 ppm) on CPZA 6 at pH 3 ﬁtte
order kinetic model; (c) intraparticle diffusion model; and (d) adsorpt
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stir-bar became static. The gel-like polymer was soaked with
water followed by hot acetone to obtain resin 5 which was
dried in vacuo at 70 C (8.75 g, 62.2%).
2.6. Transformation of CPZ 5 to cross-linked polyzwitterion/
anion (CPZA) 6
CPZ 5 (7.35 g, 26.1 mmol) mixed with sodium hydroxide
(1.36 g, 34 mmol) in water (33 ml) was stirred for 24 h. After
adding excess methanol, resin 6 was ﬁltered and then dried
in vacuo at 65 C (6.8 g, 87%). At 280 C, initial decomposition
of the resin was shown by TGA.
2.7. Adsorption experiments
CPZA 6 (50 mg) was mixed with aqueous Cd(NO3)2
(1 mg Cd L1) solution (20 mL) at different pH and stirred
for 24 h. The amount of Cd2+ remained in the ﬁltrate was
measured by AAS. Using Eq. (1), the adsorption capacity
(qCd2þ ) in mg g
1 was calculated as follows:
qCd2þ ¼
ðCo  CfÞV
W
ð1Þ
where Cf and Co represent the respective ﬁnal and initial con-
centrations (mg L1) of Cd2+, V and W are the respective
volume (L) of the solution and the weight (g) of the polymer.
The data from the triplicate experiments varied within 4%.d to (a) Lagergren ﬁrst-order kinetic model; (b) Lagergren second-
ion kinetic curve.
ions from aqueous solutions by a cross-linked polysulfonate–carboxylate resin.
Figure 4 The adsorption of Cu2+ (1.00 ppm) on CPZA 6 at pH 3 ﬁtted to (a) Lagergren ﬁrst-order kinetic model for; (b) Lagergren
second-order kinetic model; (c) intraparticle diffusion model; and (d) adsorption kinetic curve.
Table 1 Lagergren kinetic model parameters for Cd2+ and Cu2+ ionsa adsorption.
Metal
ion
Temp
(K)
qe, exp
(mg g1)
Lagergren ﬁrst-order Lagergren second-order Ea
(kJ mol1)
k1
(h1)
qe, cal
(mg g1)
R2 k2
(h1g mg1)
hb
(h1 g1 mg)
qe, cal
(mg g1)
R2
Cd2+ 294 0.341 4.81 0.016 0.9285 1008 23.4 0.342 1 25.5
308 0.343 6.94 0.014 0.9573 2068 30.4 0.343 0.999
328 0.344 6.52 0.009 0.9813 3009 48.5 0.345 1
Cu2+ 294 0.341 3.66 0.035 0.9860 538 9.43 0.342 1 37.3
308 0.345 4.16 0.009 0.9387 538 13.3 0.345 1
328 0.349 4.91 0.007 0.9516 1584 16.1 0.345 1
a Initial metal ion concentration 1 mg/L.
b Initial adsorption rate h= k2 qe
2.
4 S.A. Haladu et al.The adsorption capacity (q) at equilibrium and various times is
designated as qe and qt, respectively, while Ce denotes the equi-
librium concentration of the metal ions.
Evaluation of the adsorption isotherm was accomplished in
the Cd2+ concentration range 200 lg L1 (i.e. ppb) to
1000 lg L1 for 24 h at 294 K. The adsorption kinetic experi-
ments were carried out using Cd(NO3)2 solution
(1 mg Cd2+ L1) at different times at a pH of 3 at 294, 308
and 328 K. The data obtained were used to calculate k2 (the
pseudo-second-order rate constant) of the adsorption process
and its energy of activation (Ea). The thermodynamic param-
eters, DG, DH and DS were determined using the qe and Ce
values. In the same way, the adsorption of Cu2+ ions using
Cu(NO3)2 solution was conducted.Please cite this article in press as: Haladu, S.A. et al., Adsorption of Cd2+ and Cu2+
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FTIR spectra of the loaded and unloaded resins have been
recorded. About 30 mg of the unloaded resin in 0.1 M
Cd(NO3)2 solution (20 mL) at pH of 3 was stirred for 4 h, ﬁl-
tered, and dried under reduced pressure to a constant weight.
3. Results and discussion
3.1. Synthesis of CPZA 6
The present resin 6 (Scheme 1) has been prepared by
cyclopolymerization reaction. The cyclopolymerizationions from aqueous solutions by a cross-linked polysulfonate–carboxylate resin.
Adsorption of Cd2+ and Cu2+ ions from aqueous solutions 5involving various N,N-diallylammonium monomers has gener-
ated various water-soluble cationic polyelectrolytes (Butler,
1992). Recently, a resin having aminophosphonate groups
has been synthesized via cyclopolymerization and evaluated
for its efﬁcacy in the removal of toxic metal ions (Al
Hamouz and Ali, 2012).
A mixture of monomer 2 (92.5 mol%), and cross-linker 4
(7.5 mol%) in water was cyclocopolymerized using TBHP as
an initiator giving CPZ 5 (Scheme 1). Upon treatment of
the CPZ 5 with excess NaOH, CPZA 6 was formed. A
mole ratio of 93:7 for monomer 2/cross-linker 4 as
determined by elemental analysis of CPZ 5 was similar to
the feed ratio.
Three major weight losses were revealed in the TGA curve
of CPZA 6 (Fig. 1). The ﬁrst slow weight loss of 3.0% resulted
from the release of water trapped in the cross-linked polymer.
The ﬁrst sharp loss of 22.4% resulted from the release of SO2,
the second loss of 28.9% and the third loss of 7.7% were asso-
ciated with the respective decarboxylation of the carboxylates
and the degradation of the nitrogenated organic fraction
(Martinez-tapia et al., 2000). At 800 C, the residual mass
was found to be 38%.
3.2. Characterization of synthesized materials using FTIR
The IR spectrum of CPZ 5 shows strong absorption bands at
1197 and 1041, which are attributed to the sulfonate groups
(Ali et al., 2003). The absorption at 1734 cm1 indicates the
presence of C‚O stretch of COOH (Al-Muallem et al.,
2002b) (Fig. 2a).
The C‚O (of COOH) stretching absorption was missing in
the unloaded resin CPZA 6; however, the absorptions at 1408
and 1626 cm1 were attributed to the symmetric and antisym-
metric stretching of COO (Fig. 2b). The new band that
appears at 1384 cm1 (Fig. 2c and d) was assigned to the
NO3
 group due to the adsorption process being carried out
using copper and cadmium nitrates (Sahni et al., 1985).
Thus, the resin can also act as an anion exchanger due to the
presence of this new band. The increased intensity and broad-
ness of the SO3
 and C‚O peaks of the resin loaded with Cu2+
and Cd2+ (Fig. 2c and d) indicated the adsorption of the
metal ions (Kolodynska et al., 2009).Figure 5 The Arrhenius plot for the metal adsorptions.
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The kinetics for the removal of Cu2+ and Cd2+on CPZA 6 is
presented in Figs. 3d and 4d, which depicts the changes in
adsorption capacity with adsorption time at different temper-
atures. The adsorption process was relatively fast as it reached
the equilibrium within 40 min. At higher temperatures, the
adsorption capacities increased indicating larger swelling
allowing more ions to be diffused and adsorbed on CPZA 6.
3.3.1. Lagergren ﬁrst-order kinetics
Lagergren ﬁrst-order kinetics assumes that each metal ion
occupies one adsorption site. The following equation describes
the model:
logðqe  qtÞ ¼ log qe 
k1t
2:303
ð2Þ
where qt and qe (mg g
1(are the adsorption capacities at time t
(h), and at equilibrium respectively, and k1 is the ﬁrst-order
rate constant. The intercept and slope of the plots of log(qe–
qt) versus t (Table 1, Figs. 3a and 4a) were used to evaluate
qe and k1 experimentally. Only the data of the low time region
were found to ﬁt the model; hence, the longer time region was
neglected. However, there is a wide disagreement between the
equilibrium adsorption capacities using ﬁrst-order equation
(qe, cal = 0.016 mg g
1 for Cd and 0.035 for Cu at 294 K)
and the ones observed experimentally (qe, exp = 0.341 mg g
1
for both Cd and Cu at 294 K). The Lagergren ﬁrst-order
kinetic equation thus cannot describe the exchange process
(Table 1) (Ramesh et al., 2007).
3.3.2. Pseudo-second-order kinetics
The second-order kinetic equation for the adsorption of the metal
ions can be expressed in linear form by the below equation:
t
qt
¼ 1
k2q2e
þ t
qe
ð3Þ
where adsorption capacities are described by qt and qe at the
respective time of t and at equilibrium, and k2 represents the
second-order rate constant. Figs. 3b, 4b and Table 1 proved
that the adsorption of Cd2+ and Cu2+ ﬁts with the second-
order kinetic equation implying that the exchange of metal
ions was likely to be a chemical one (Minceva et al., 2007).
Likewise, the experimentally observed equilibrium adsorption
capacities were in conformity with those derived from Eq. (3)
3.3.3. Adsorption activation energy
The kinetic rate constants (k2) model was used to calculate the
adsorption energy of activation (Table 1) using the Arrhenius
equation (Eq. (4)):
ln k2 ¼  Ea
2:303RT
þ constant ð4Þ
where k2 is the rate constant (g mg
1 h), and R, Ea and T
represent the gas constant (8.314 J mol1 K), energy of activa-
tion (kJ mol1) and temperature (K), respectively. A straight
line plot of lnk2 versus 1/T gives a slope of Ea/R (Fig. 5
and Table 1). The energies of activation for the adsorption
of Cd2+ and Cu2+ were found to be 25.5 kJ mol1 and
37.3 kJ mol1 respectively.ions from aqueous solutions by a cross-linked polysulfonate–carboxylate resin.
Table 2 Intraparticle diffusion coefﬁcients and intercept
values for the adsorption of Cd2+ and Cu2+ions at different
temperatures.
Metal
ion
Temp
(K)
kp
(mg g1 h0.5)
Intercept values
(xi)
R2
Cd2+ 294 0.0843 0.301 1
308 0.0436 0.322 1
328 0.0406 0.326 1
Cu2+ 294 0.0843 0.301 1
308 0.0233 0.330 0.9757
328 0.0177 0.336 0.9300
6 S.A. Haladu et al.3.3.4. Intraparticle diffusion model
The determination of the rate-limiting step paves the way to
understand the adsorption mechanism. Different adsorption
diffusion models are constructed based on three steps: ﬁrst,
ﬁlm diffusion; second, intraparticle diffusion and third, mass
action. According to intraparticle diffusion model, there exist
interfacial movements (i.e., ﬁlm diffusion) of the metal ions
between the adsorbent and the solution, then a subsequent
intraparticle diffusion rate-limiting step which delivers the ions
into the adsorbent pores. The relation of the adsorption capac-
ity and time (Weber and Morris, 1963; Liu et al., 2011) is
expressed as
qt ¼ xi þ kpt0:5 ð5Þ
where kp is the intraparticle diffusion rate constant, qt is the
adsorption capacity at time t and xi is related to the thicknessFigure 6 (a) The pH versus adsorption capacity of CPZA for1.00 pp
of Cd2+ versus adsorption capacity of CPZA 6 at pH 3 for 24 h at 2
Freundlich isotherm for Cd2+ adsorption on CPZA 6.
Please cite this article in press as: Haladu, S.A. et al., Adsorption of Cd2+ and Cu2+
Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arabjc.2015.04.028of the boundary layer. In accordance with the Weber–Morris
model (Lin et al., 2011; Weber and Morris, 1963), intraparticle
diffusion is the rate-limiting step if a linear ﬁt for the qt versus
t0.5 plot passes through the origin.
The values of the intercept xi in the initial linear plots for
Cd2+ were found to be 0.3007, 0.3221, and 0.3255 mg g1 at
21, 35, and 55 C, respectively (Fig. 3c). The corresponding
values of 0.3007, 0.3304, and 0.3357 mg g1 for Cu2+ conﬁrm
the similar trend of increasing xi with the increase in tempera-
ture (Fig. 4c) (see Table 2). An intercept exists in the initial lin-
ear plot indicating the occurrence of rapid adsorption. The
initial adsorption factor (Ri) was deﬁned in terms of the xi as
Ri ¼ 1 xi
qe
ð6Þ
where xi and qe are the respective initial adsorption and the
ﬁnal adsorption at the longer time. For Cd2+ and Cu2+ ions,
the xi and qe values of 0.3007 (Fig. 3c) and 0.341 mg g
1,
respectively, at 21 C gave an Ri value of 0.12 which means
about 88% of the initial adsorption has taken place before
5 min. The other 12% of adsorption is controlled by intra-
particle diffusion. Hence, the intraparticle diffusion within
the pores of the resins became the rate-limiting step. Note that
the horizontal line depicts the equilibrium stage.
3.4. Effect of pH on the adsorption
The pH effect (in the range 3–6) on the adsorption of Cd2+
and Cu2+ on CPZA 6 was studied at 21 C and a ﬁxed concen-
tration (1 mg L1) for 24 h. The solution pH was maintainedm Cd2+ and Cu2+ solutions for 24 h; (b) The initial concentration
1 C; (c) Temkin isotherm for Cd2+ adsorption on CPZA 6; (d)
ions from aqueous solutions by a cross-linked polysulfonate–carboxylate resin.
Scheme 2 Metal–resin complex.
Adsorption of Cd2+ and Cu2+ ions from aqueous solutions 7using a buffer of acetic acid/sodium acetate. The adsorption of
metal ions with the variation of pH is displayed in Fig. 6a. The
best pH was observed to be 3; the adsorption capacity was
found to increase with further increase in the pH, after the
minimum observed at pH 5. Carboxyl and sulfonate groups
may capture Cd2+ and Cu2+ ions by chelation (Scheme 2).
The respective pKa values of SO3H and CO2H functionalities
in CPZA 6 are known to be 2.1 and +2.5 (Al-Muallem
et al., 2002b). As such the repeating unit A is expected to be
dissociated to zwitterionic form B even at lower pH values.
At pH 3 or even at 2, the acid-base equilibrium, as represented
by the equilibrium B  C will involve a certain portion of
CO2
 (Zhao et al., 2011) while the SO3H will exist in the con-
jugate base form of SO3
. Lower adsorption of Cd2+ and
Cu2+ at pH < 3 could be attributed to the competition of
H+ ions with Cd2+ and Cu2+ ions for the exchange sites in
the adsorbent to give metal-ion complex D. Above pH 3 the
involvement of zwitterionic/anionic form D makes the adsorp-
tion faster and more effective. Note that the presentation of
the metal complex in the cyclic form may not be the preferred
chelation mode; the two ligands attached to the divalent metal
ions may as well come from two different repeat units. At
lower pH values species such as monovalent M(Cl)+ may also
participate in the adsorption process (Li et al., 2010; Duong
et al., 2006). The metal hydroxides, which are formed owing
to the hydrolysis of the metal ions at higher pH values, can
compete with the resin for the uptake the metal ion
(Haghseresht and Lu, 1998). The optimal pH of 3 was chosen
for the adsorption studies.3.5. Adsorption isotherms
The adsorption capacity of CPZA 6 increases as the initial con-
centration of Cu2+ and Cd2+ ions increases, Figs. 6b and 7a.
The mechanism of the adsorption was investigated by the anal-
ysis of the data using Freundlich, Langmuir and Temkin iso-
therm models. The Langmuir isotherm model
(Vijayaraghavan et al., 2006), based on a monolayer adsorp-
tion process on homogeneous surfaces where a negligiblePlease cite this article in press as: Haladu, S.A. et al., Adsorption of Cd2+ and Cu2+
Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arabjc.2015.04.028interaction occurs between the adsorbed molecules, can be
expressed by Eq. (7) as follows:
Ce
qe
¼ Ce
Qm
þ 1
Qmb
ð7Þ
where Ce and qe are the respective metal ion concentrations in
the solution and adsorption capacity of resin, and Qm and b
are the Langmuir constants. The constants Qm and b are
obtained from the slope and intercept of Ce/qe versus Ce plot.
The Langmuir isotherm model plots for the adsorption of
Cu2+ and Cd2+ on the resin have not been presented due to
the non-ﬁtting of the data.
However, Freundlich isotherm model (as expressed by Eqs.
(9) and (10) assumes that a heterogeneous surface with uni-
form energy is involved with a multilayer non-ideal
adsorption:
qe ¼ kfC1=ne ð8Þ
log qe ¼ log kf þ
1
n
logCe ð9Þ
where qe and Ce represent the respective equilibrium absorp-
tion capacity of the resin and concentration of metal ion in
the liquid phase, and kf and n denote the Freundlich constants
(Table 3), obtainable from the slope and intercept of the log qe
versus log Ce in Figs. 6d and 7c. An adsorption is considered
favorable if the values fall within the range of 1 to 10 (Rao and
Bhole, 2001). The slope (1/n) range of 0–1 is described as a sur-
face heterogeneity or a measure of adsorption intensity, which
becomes more heterogeneous when its value approaches zero.
A chemisorption process occurs for 1/n value below unity,
while 1/n above one implies cooperative adsorption (Table 3)
(Haghseresht and Lu, 1998).
The Temkin isotherm equation assumes a linear decrease in
the heat of adsorption of all the molecules in a layer with the
increase in the surface coverage owing to the adsorbent–adsor-
bate interactions. The Temkin isotherm (Liu et al., 2011) can
be expressed as Eqs (10)–(12) as follows:
qe ¼
RT
b
lnðaCeÞ ð10Þions from aqueous solutions by a cross-linked polysulfonate–carboxylate resin.
Figure 7 (a) The initial concentration of Cu2+ versus adsorption
capacity of CPZA 6 at pH 3 for 24 h at 21 C; (b) Temkin isotherm
for Cu2+ adsorption on CPZA 6; (c) Freundlich isotherm for
Cu2+ adsorption on CPZA 6.
Table 3 Freundlich and Temkin isotherm model constants for
Cd2+ and Cu2+ ions adsorption.
Metal ion kf (mg
11/n g1 L1/n) n R2
Freundlich isotherm model
Cd2+ 1.13 1.01 0.9999
Cu2+ 1.35 0.907 0.997
A (L g1) B (J/mol) R2
Temkin isotherm model
Cd2+ 30.1 0.212 0.9991
Cu2+ 26.9 0.236 0.9814
Figure 8 Vant-Hoff plot.
Table 4 Thermodynamic Data for Cd2+ and Cu2+
adsorption.
Metal
ion
Temperature DG DH DS R2
(K) (kJ/mol) (kJ/mol) (J/mol K)
Cd2+ 294 1.94 1.36 11.2 0.9563
308 2.1
328 2.32
Cu2+ 294 2.08 2.61 16 0.9155
308 2.31
328 2.63
8 S.A. Haladu et al.qe ¼
RT
b
lnAþ RT
b
lnCe ð11Þ
qe ¼ B lnAþ B lnCe ð12Þ
where R, T, and A represent gas constant (8.314 J mol1 K1),
temperature (K), and equilibrium binding constant (L/g) corre-
sponding to the maximum binding energy, respectively.
Constant B (i.e. RT/b) is related to the heat of adsorption.
Temkin isotherm constants A and B, calculated from the plot
of qe versus lnCe (Figs. 6c and 7b), are given in Table 3. The
adsorption of Cd2+ and Cu2+ ions ﬁtted well with the Temkin
isotherm model as shown in Figs. 6c and 7b. This ascertains
that the adsorption encounters a heterogeneous surface.Please cite this article in press as: Haladu, S.A. et al., Adsorption of Cd2+ and Cu2+
Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arabjc.2015.04.0283.6. Adsorption thermodynamics
The thermodynamic parameters of the adsorption were also
determined. The endothermic nature of the adsorption was
ascertained by the increase in the adsorption capacity as
the temperature increases. A log (qe/Ce) versus 1/T plot is
shown in Fig. 8. Vant-Hoff equation (Eq. (12)) was employed
to calculate the thermodynamic parameters DS, DH and DG
that are tabulated in Table 4 (Ramesh et al., 2007). The neg-
ative values of DG conﬁrmed the spontaneity of the exchange
process.
log
qe
Ce
 
¼  DH
2:303RT
þ DS
2:303R
ð12Þions from aqueous solutions by a cross-linked polysulfonate–carboxylate resin.
Adsorption of Cd2+ and Cu2+ ions from aqueous solutions 9The DG values become more negative with the increase in tem-
peratures, thereby indicating more favorable adsorption pro-
cess at the higher temperatures because of greater swelling
and increased diffusion of the metal ions into the resin. The
positive values of DH are an indication of endothermic adsorp-
tion process. The DS values for the adsorption process were
positive (Table 4) owing to the release of water molecules from
the metal ions’ large hydration shells.
3.7. SEM and EDX images for CPZA 6 unloaded and loaded
with copper and cadmium ions
SEM has been used to examine both the unloaded and loaded
resins. For this purpose, the unloaded resins were stirred in
0.1 M Cu(NO3)2 and 0.1 M Cd(NO3)2 at a pH of 3 for 24 h.
The resins were ﬁltered, and dried in vacuo to constant weights.
Both resins were then sputter-coated for 4 min with a thin ﬁlm
of carbon.
The SEM image of the unloaded CPZ 5 and CPZA 6
(Fig. 9a and b) reveals that the surface morphology of CPZ
5 is tighter due to the H-bonding among the COOH groups,
while the open morphology of CPZA 6 conﬁrms the presence
of Na+ due to the repulsion between the negative charges of
the CO2
. The corresponding EDX analysis shows that the
composition was similar to the proposed one in Scheme 1.Figure 9 SEM and EDX images for (a) Unl
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(Figs. 9 and 10) from cracked to smooth, it indicates that the
adsorption of cadmium and copper ions had occurred on the
resin. Likewise, the displacement of the sodium ions in
CPZA 6 by cadmium and copper ions, Fig 10a and b con-
ﬁrmed the adsorption of the metal ions.
3.8. Desorption experiment
Efﬁcient use of any adsorbent demands recycling and reuse of
the adsorbent. For this purpose, an experiment was performed
as described under Section 2.7 by mixing CPZA 6 (50 mg) with
aqueous Cd(NO3)2 (or Cu(NO3)2) (1 mg metal ion L
1) solu-
tion (20 mL) for 24 h. The loaded resin was then recovered
by centrifuging, soaked brieﬂy with water (5 mL) and cen-
trifuged again. The recovered resin was dried and treated with
0.1 M HNO3 (20 mL) for 24 h for the desorption experiment.
The amount of Cd2+ (or Cu2+) ions desorbed in the ﬁltrate
was determined; the efﬁciency of the desorption process was
calculated by the ratio of desorbed amount of Cd2+ (or
Cu2+) ions to the amount of adsorbed Cd2+ or Cu2+ ions
(i.e., qCd2þ or qCu2þ ) in the resin.
The efﬁciencies of the desorption process, determined to be
87% and 89% for Cd2+ and Cu2+ ions, respectively, certify
that the novel cross-linked polymer used in this work is aoaded CPZ 5 and (b) Unloaded CPZA 6.
ions from aqueous solutions by a cross-linked polysulfonate–carboxylate resin.
Figure 10 SEM and EDX images for (a) Cd2+ loaded CPZA 6 and (b) Cu2+ loaded CPZA 6.
Table 6 Comparison of the adsorption capacity of the resin
and the adsorption capacity of various adsorbents.
Materials Adsorbents
Capacity (mg/g)
Ref.
Amino acid containing
resin
0.443 for Cu Shaikh et al.
(2013)
Bioﬁlm/GAC system 0.26 for Cd Dianati-Tilaki
and Ali (2003)
Recycled tire rubber 0.0951 for Cu Calisir et al.
(2009)
Chelating polymers with
salicylaldehyde units
0.25 for Cd Amoyaw et al.
(2009)
Present resin 0.345 for Cu,
0.343 for Cd
This work
10 S.A. Haladu et al.promising candidate as an adsorbent for separation and recov-
ery of metal ions from an aqueous solution.
4. Conclusion
Cyclopolymerization technique provided entry into a novel
CPZA which was used to examine the efﬁciency of a zwitteri-
onic/anionic motif in capturing Cd2+ and Cu2+ ions in low
concentrations. At an initial concentration of 1 ppm, the
respective removal of Cd2+ and Cu2+ was found to be
84.5% and 85.3% (see Table 5). The spontaneity and the
endothermic nature of the adsorption process were ensured
by the negative DGs and positive DHs. A comparison with
different types of sorbents in recent references reveals
the excellent metal removal capacity of the current resin
(see Table 6).Table 5 Percent removal at different initial concentrations.
Co (mg L
1) % Removal Cd2+ % Removal Cu2+
0.200 78.1 77.1
0.400 84.6 83.2
0.600 84.5 84.2
0.800 84.7 85.0
1.000 84.5 85.3
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